a2 United States Patent

Srinivasa et al.

US009209881B2

US 9,209,881 B2
Dec. 8, 2015

(10) Patent No.:
(45) Date of Patent:

(54) ALTERNATE FEEDBACK TYPES FOR
DOWNLINK MULTIPLE USER MIMO
CONFIGURATIONS

(735)

(73)

")

@
(22)

(65)

(60)

(1)

(52)

Inventors: Sudhir Srinivasa, Sunnyvale, CA (US);
Hongyuan Zhang, Fremont, CA (US);
Rohit U. Nabar, Santa Clara, CA (US);
Hyukjoon Kwon, San Jose, CA (US)

Assignee: MARVELL WORLD TRADE LTD.,
St. Michael (BB)

Notice: Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
U.S.C. 154(b) by 1060 days.

Appl. No.: 13/161,209

Filed: Jun. 15,2011

Prior Publication Data
US 2011/0310827 Al Dec. 22, 2011

Related U.S. Application Data

Provisional application No. 61/355,480, filed on Jun.
16, 2010, provisional application No. 61/360,361,
filed on Jun. 30, 2010, provisional application No.
61/368,480, filed on Jul. 28, 2010, provisional
application No. 61/370,633, filed on Aug. 4, 2010,
provisional application No. 61/372,670, filed on Aug.

11, 2010.

Int. Cl.

HO4W 16/12 (2009.01)

HO04B 7/06 (2006.01)
(Continued)

U.S. CL

CPC ............

HO04B 7/0617 (2013.01); H04B 7/0434

(2013.01); H04B 7/0452 (2013.01); HO4B
7/0634 (2013.01); HO4L 25/0204 (2013.01);
HO4L 25/0228 (2013.01); HO4L 25/0242

(2013.01); HO4W 48/16 (2013.01)

AGCESS POINT

”‘\

16 NETWORK
~—~—_1| INTERFACE
18
1 mac
19 PHY
~ DL
20 \‘~ SDMA

CTRL

] ™xRx JH

—
o xrx

r ™xRx |

e 4
«”

- 34-1\1/ { DR -1
£24-3 M 22
.

(58) Field of Classification Search
None
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

6,862,440 B2
7,039,442 Bl

3/2005 Sampath
5/2006 Joham et al.

(Continued)

FOREIGN PATENT DOCUMENTS

CN
EP

101568129 A 10/2009
2106038 Al 9/2009

(Continued)
OTHER PUBLICATIONS

International Search Report from PCT/US2011/040527 dated Sep.
22,2011.

(Continued)

Primary Examiner — Ayaz Sheikh
Assistant Examiner — Sori Aga

(57) ABSTRACT

A method in a communication network includes obtaining
descriptions of a plurality of communication channels each
communication channel associated with a different one of a
plurality of receivers; and generating a plurality of steering
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/102

AP TRANSMITS SOUNDING
PACKETS TO MULTIPLE
STATIONS ON DOWNLINK
CHANNEL

l 104

EACH STATION DETERMINES A
STEERING MATRIX, Vi, FROM
THE RECEIVED SOUNDING
PACKET AND SENDS STEERING
MATRIX TO AP

l 106

OBTAIN DESCRIPTIONS OF
COMMUNICATION CHANNELS
FROM EACH OF THE STATIONS

l /108

GENERATE STEERING
VECTORS
IN VIEW OF THE
COMMUNICATION CHANNELS

FIG. 3
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200
202

RECEIVE NULL-STEERING
VECTOR FOR H; FROM STATION 1

! 204

RECEIVE NULL-STEERING
VECTOR FOR H; FROM STATION 2

l 206
USE THE NULL-STEERING

VECTOR FOR H; FOR DL
STEERING WITH STATION 2

l 208
USE THE NULL-STEERING

VECTOR FOR H; FOR DL
STEERING WITH STATION 1

FIG. 4
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302

AP TRANSMITS SOUNDING
PACKETS TO MULTIPLE
STATIONS ON DOWNLINK
CHANNEL

l 304

EACH STATION DETERMINES A
STEERING MATRIX, Vk, AND A
NULL-STEERING VECTOR, VnuLL

A 4

306

EACH STATION DETERMINES
WHICH OF THE FEEDBACK
SIGNALS FROM BLOCK 304 HAS

LOWER SIZE

l 308

EACH STATION FEEDS BACK
LOWER SIZE FEEDBACK

l 310

AP OBTAINS FEEDBACK
SIGNALS FROM ALL STATIONS
AND GENERATES STEERING
VECTORS

FIG. 5
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402

AP TRANSMITS SOUNDING
PACKETS TO A STATION ON
DOWNLINK CHANNEL

l 404

STATION DETERMINES A
STEERING MATRIX, V

! 406

STATION EXTRACTS A NULL
VECTOR, VnuL, FROM THE
STEERING MATRIX

l 408

STATION COMPRESSES THE
NULL-STEERING VECTOR, VyuL,
AND FEEDS BACK TO AP

' E

410

AP DECOMPRESS THE NULL-
STEERING VECTOR RECEIVED
FROM THE STATION
&

APPLIES HOUSEHOLDER
TRANSFORMATION TO
PRODUCE STEERING VECTORS
FOR STATION
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1
ALTERNATE FEEDBACK TYPES FOR
DOWNLINK MULTIPLE USER MIMO
CONFIGURATIONS

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of the U.S. Provisional
Patent Application Nos. 61/355,480, filed on Jun. 16, 2010,
61/360,361, filed on Jun. 30, 2010, 61/368,480, filed on Jul.
28,2010, 61/370,633, filed on Aug. 4, 2010, and 61/372,670,
filed on Aug. 11, 2010, the entire disclosures of which are
hereby incorporated by reference herein.

FIELD OF THE DISCLOSURE

The present disclosure relates generally to communication
networks and, more particularly, to wireless networks that
utilize spatial division multiple access (SDMA).

BACKGROUND

The background description provided herein is for the pur-
pose of generally presenting the context of the disclosure.
Work of the presently named inventors, to the extent it is
described in this background section, as well as aspects of the
description that may not otherwise qualify as prior art at the
time of filing, are neither expressly nor impliedly admitted as
prior art against the present disclosure.

Wireless local area network (WLAN) technology has
evolved rapidly over the past decade. Development of WLAN
standards such as the Institute for Electrical and Electronics
Engineers (IEEE) 802.11a, 802.11b, 802.11g, and 802.11n
Standards has improved single-user peak data throughput.
For example, the IEEE 802.11b Standard specifies a single-
user peak throughput of 11 megabits per second (Mbps), the
IEEE 802.11a and 802.11g Standards specify a single-user
peak throughput of 54 Mbps, and the IEEE 802.11n Standard
specifies a single-user peak throughput of 600 Mbps. Work
has begun on a new standard, IEEE 802.11ac that will be
operated in the 5 GHz bands overlapping with legacy IEEE
802.11a/n systems, and with promises of throughputs exceed-
ing 6.9 Gbps. Unlike the other standards, the 802.11 ac Stan-
dard will allow simultaneous communication from an access
point to multiple different client stations.

WLAN:S typically operate in either a unicast mode or a
multicast mode. In the unicast mode, an access point (AP)
transmits information to one user station at a time. In the
multicast mode, the same information is transmitted to a
group of client stations concurrently. With IEEE 802.11 ac
Standard, the multicast mode is able to transmit to multiple
client stations at a time.

Antennas and, accordingly, associated effective wireless
channels are highly directional at frequencies near or above
60 GHz. When multiple antennas are available at a transmit-
ter, a receiver, or both, it is therefore important to apply
efficient beam patterns using the antennas to better exploit
spatial selectivity of the corresponding wireless channel.
Generally speaking, beamforming is a signal processing tech-
nique for using multiple transmit antennas to produce an
output that combines constructively at one or more receive
antennas, e.g., by producing antenna gain pattern having one
or more high gain lobes or beams (as compared to the gain
obtained by an omni-directional antenna) at the receive anten-
nas, with reduced gain in other directions. If the gain pattern
for multiple transmit antennas, for example, is configured to
produce a high gain lobe in the direction of a receiver, better
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2

transmission reliability can be obtained over that obtained
with an omni-directional transmission.

SUMMARY

In an embodiment, a method in a communication network
includes obtaining descriptions of a plurality of communica-
tion channels each communication channel associated with a
different one of a plurality of receivers; and generating a
plurality of steering vectors, one for each of the plurality of
receivers, using the descriptions of the plurality of commu-
nication channels; wherein each steering vector is used to
transmit data to a corresponding one of the plurality receivers
via a plurality of antennas and over a corresponding one of the
communication channels simultaneously and wherein each
steering vector is used to communicate data on a different one
of'the plurality of communication channels, and wherein each
steering vector is generated to reduce interference on a cor-
responding communication channel caused by simultaneous
transmission of data on other communication channels.

In another embodiment, an apparatus includes a steering
vector controller to receive from a plurality of receivers
descriptions of a plurality of communication channels, each
communication channel associated with a different one of the
plurality of receivers and to generate a plurality of steering
vectors, one for each of the plurality of receivers, wherein
each steering vector is used to transmit data to a correspond-
ing one of the plurality receivers via a plurality of antennas
and over a corresponding one of the communication channels
simultaneously, and wherein each steering vector is used for
communicating data on a different one of the plurality of
communication channels, and wherein each steering vector is
generated to reduce interference on a corresponding commu-
nication channel caused by simultaneous transmission of data
on other communication channels.

In another embodiment, a system includes a transmitter
including a plurality of antennas, and a steering vector con-
troller, wherein the system further comprises a plurality of
receivers, wherein the transmitter and each of the plurality of
receivers are associated with a corresponding communication
channel to define a plurality of communication channels, and
wherein the steering vector controller is configured to gener-
ate a plurality of steering vectors based on a feedback steering
matrices received from each of the plurality of receivers,
wherein the plurality of steering vectors are used to simulta-
neously transmit a plurality of data units to the plurality of
receivers via the plurality of antennas over the plurality of
communication channels.

In another embodiment, a system includes a transmitter
including a plurality of antennas, and a steering vector con-
troller, wherein the system further comprises a plurality of
receivers, wherein the transmitter and each of the plurality of
receivers are associated with a corresponding communication
channel to define a plurality of communication channels, and
wherein the steering vector controller is configured to gener-
ate a plurality of steering vectors based on a feedback null-
steering vectors received from each of the plurality of receiv-
ers, wherein the plurality of steering vectors are used to
simultaneously transmit a plurality of data units to the plural-
ity of receivers via the plurality of antennas over the plurality
of communication channels, wherein each null-steering vec-
tor defines a null-space projection of a corresponding one of
the communication channels.

Inyet another embodiment, a system includes a transmitter
including a plurality of antennas, and a steering vector con-
troller, wherein the system further comprises a receiver,
wherein the transmitter and the receiver are associated with a



US 9,209,881 B2

3

communication channel, wherein the receiver is configured to
generate a null-steering vector defining a null-space projec-
tion of the communication channel and to communicate the
null-steering vector to the transmitter, and wherein the steer-
ing vector controller is configured to generate a steering
matrix from the null-steering vector, where the steering
matrix is used to communicate data from the transmitter to the
receiver on the communication channel.

In another embodiment, a method in a communication
network, includes obtaining, from a receiver, a null-steering
vector defining a null-space projection of a communication
channel between a transmitter and the receiver; and generat-
ing a steering matrix from the null-steering vector, where the
steering matrix is used to communicate data from the trans-
mitter to the receiver on the communication channel.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 a block diagram of an example wireless local area
network (WLAN) in which an access point (AP) utilizes
downlink (DL) Spatial-Division Multiple Access (SDMA)
steering techniques in accordance with an embodiment of the
present disclosure;

FIG. 2 is a block diagram of a DL. SDMA controller that is
used in an AP that implements steering techniques of the
present disclosure, according to an embodiment;

FIG. 3 is a flow diagram of an example method for gener-
ating steering vectors for use in simultaneous DL. SDMA
transmissions to multiple stations using a feedback steering
matrix, according to an embodiment; and

FIG. 4 is a flow diagram of an example method for gener-
ating a pair of steering vectors for use with two stations
operating in an SDMA mode using a null-steering vector,
according to an embodiment.

FIG. 5 is a flow diagram of an example method for gener-
ating a pair of steering vectors using a hybrid feedback steer-
ing matrix or null-steering vector technique in an SDMA
mode using a null-steering vector, according to an embodi-
ment.

FIG. 6 is a flow diagram of an example method for gener-
ating a steering vector for DL. SDMA transmissions from a
null-steering vector fed back from a station, according to an
embodiment.

FIGS. 7-10 illustrate geometrically steps of a Householder
transformation used to transform a null-steering vector into a
steering matrix for use in DL SDMA transmissions to a single
station, according to an embodiment.

DETAILED DESCRIPTION

In embodiments described below, a wireless network
device such as an access point (AP) of a wireless local area
network (WLAN) transmits independent data streams to mul-
tiple client stations simultaneously via an antenna array. To
reduce interference at a receiving station due to transmissions
from the AP to one or more other stations, the AP develops
respective transmit (Tx) beamsteering (hereinafter, “steer-
ing”) vectors for downlink transmissions to each station. In an
embodiment, the AP develops a Tx steering vector for a
certain station using a description of the wireless communi-
cation channel between the AP and the station, as well a
description of at least one other wireless communication
channel between the AP and another station. In another
embodiment, the AP uses the description of the wireless
channel between the AP and a plurality of stations to develop
a Tx steering vector for each station. At various points
throughout this description, examples are described using the
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term beamsteering. However, it will be appreciated that these
beamsteering techniques may alternatively or in some
examples be characterized as beamforming techniques, and
vice versa.

Thus, in some embodiments, e.g., in some explicit beam-
forming embodiments, an AP obtains a description of several
wireless communication channels (hereinafter, “channel
descriptions”) through which the AP transmits data to corre-
sponding stations. As discussed below, the AP uses the chan-
nel descriptions to generate Tx steering vectors so as to cancel
or minimize known interference at each station as well as
interference between space-time streams at each station. In at
least some of these embodiments, the AP develops multiple
Tx steering vectors corresponding to different stations at the
same time. That is, the client device may feedback to the AP
a channel estimation, i.e., some form of description of a
channel estimate (including uncompressed/compressed
steering vectors, null space vectors, etc.). The AP receives the
information from all the clients and determines its final steer-
ing vectors.

In other examples, e.g., in some implicit beamforming
embodiments, each of the clients sends packet data to the AP,
which then performs channel estimation for channels for each
of' the different clients, from which final steering vectors are
determined.

FIG. 11is ablock diagram of an example wireless local area
network (WLAN) 10, according to an embodiment. An AP 14
includes a host processor 15 coupled to a network interface
16. The network interface 16 includes a medium access con-
trol (MAC) unit 18 and a physical layer (PHY) unit 20. The
PHY unit 20 includes N transceivers 21, and the transceivers
are coupled to N antennas 24. Although three transceivers 21
and three antennas 24 are illustrated in FIG. 1 (i.e., N,=3), the
AP 14 can include different numbers (e.g., N,=2,4, 5,6, 7,8,
etc.) of transceivers 21 and antennas 24 in other embodi-
ments. The PHY unit 20 also includes a downlink (DL) Spa-
tial-Division Multiple Access (SDMA) controller 19 that
implements one or several of the techniques for developing
steering vectors described herein.

The WLAN 10 includes K client stations 25, each station
25-iequipped with N, antennas. Although three client stations
25 are illustrated in FIG. 1 (i.e., K=3), the WLAN 10 can
include different numbers (e.g., K=2, 4, 5, 6, etc.) of client
stations 25 in various scenarios and embodiments. Two or
more of the client stations 25 are configured to receive corre-
sponding data streams having been simultaneously transmit-
ted from the AP 14.

A client station 25-1 includes a host processor 26 coupled
to a network interface 27. The network interface 27 includes
a MAC unit 28 and a PHY unit 29. The PHY unit 29 includes
N, transceivers 30, and the N, transceivers 30 are coupled to
N, antennas 34. Although three transceivers 30 and three
antennas 34 are illustrated in FIG. 1 (i.e.,, N,=3), the client
station 25-1 can include different numbers of transceivers 30
and antennas 34 (e.g., N;=1, 2, 4, 5, etc.) in other embodi-
ments. The PHY unit 27 may include, in some embodiments,
a channel estimation controller 40 that implements portions
of the techniques for developing steering vectors described
herein. The client stations 25-2 and 25-3 have a structure that
is the same as or generally similar to the client station 25-1. In
an embodiment, each of the client stations 25-2 and 25-3 is
structured like the client station 25-1 but has only two trans-
ceivers and two antennas (i.e., N,=N;=2). In other embodi-
ments, the client stations 25-2, and 25-3 can include different
numbers of antennas (e.g., 1, 3, 4, 5, 6, 7, 8, etc.). Although,
only an example implementation, in the IEEE 802.11 ac
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Standard, it is believed that the AP will have up to 8 antennas
and support simultaneously communication with up to 4 sta-
tions.

In the illustrated embodiment, the AP 14 is configured to
transmit multiple spatial streams simultaneously to the client
stations 25-1, 25-2, and 25-3, so that each of client stations
25-i receives data via [, spatial streams. For example, the
client station 25-1 receives data via three (i.e., L,=3) spatial
streams. Although in this example [.,=N,, a client station 25-i
in general can utilize fewer spatial streams than the number of
antennas with which the client station 25-i is equipped. Fur-
ther, when space-time coding is employed, the multiple spa-
tial streams are sometimes referred to as space-time streams.
Ifthe number of space-time streams is less than the number of
transmit chains, spatial mapping is employed, in some
embodiments.

In an embodiment, the AP 14 communicates with the client
station 25-1 over a multiple input, multiple output (MIMO)
channel defined, at the one end, by the array including the
antennas 24-1, 24-2, and 24-3 and, at the other end, by the
array including the antennas 34-1, 34-2, and 34-3. For this
example, the MIMO channel can be described by a three-by-
three channel matrix H, that specifies, in each element, a
channel gain parameter for a stream defined by the corre-
sponding transmit antenna and a receive antenna and a chan-
nel phase between the corresponding pairs of antennas. Simi-
larly, the AP communicates with the clients 25-2 and 25-3 via
MIMO channels described by matrices H, and H;, respec-
tively. In at least some embodiments, the dimensionality of a
matrix H, describing a MIMO channel between the AP 14 and
a client station 25-7 is N,xN.

For protocols like 802.11n, which support transmit beam-
forming in an optional mode, or protocols like 802.11 ac,
which support transmit beamforming to multiple users simul-
taneously, the AP 14 will steer the downlink channel,
described by the channel descriptor, H, to an intended receiver
station using the one or more spatial streams (L,), where such
steering improves the signal-to-noise ratio at the intended
station. Beamforming generally requires (at least partial)
channel knowledge at the AP, where that channel knowledge
may be obtained at the AP through explicit beamforming, in
which the receiver station communicates through a feedback
packet the channel knowledge obtained from a sounding
packet form the AP, or through implicit beamforming, in
which the station sends a sounding packet on the reverse link
to the AP, which then determines a steering matrix.

With respect to FIG. 1, to develop the steering matrices for
each station, the system can be modeled as though the AP 14
is transmitting a symbol to a client station 25-/ as a transmit
symbol vectorx, of dimensionality I,x1, and the client station
25-i receives a signal that can be represented as a vector y, of
dimensionality N,x1.

Therefore, in an embodiment, communication is modeled
as though the AP 14 would apply a respective steering vector
W, of dimensionality N, %L, to a transmit symbol vector x, for
transmitting the signal via the corresponding channel H,.
Thus, when the AP 14 simultaneously transmits data to sta-
tions 25-1, 25-2, . . . 25-K, the signal received at the client
station 25-7 can be expressed as

Vi = HWox + Hi Y W + g (Eq. )

ki

interference

intended noise
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As illustrated by Eq. 1, the received signal would include
an intended component, an interference component due to
signals intended for other client stations, and a noise compo-
nent (expressed as a vector n; of dimensionality N;x1). Eq. 1
also can be written as

yi= HiWix; + Hiz Wix +n; = (Eq. 2)

ki
X1

X2

H[W, W ... Wg] +m==HWs+n, i=1..K

XK
where
X1

X2

W=[W W, ... Wglx=

XK

Further, the signals y,, y,, . . . Y can be “stacked” together to
define an aggregate receive vector y:

Y1 x n (Eq. 3)
y2 X2 ny
y=|.|= Hrw ks =Hwx+n
Yk XK ng
where
H; HiW, HiW, HiWg
Hy HhW, HW, HyWy
HT = . N HW = . . . N
Hy HyW, HyW, ... HgWyg
n
n
andn=| .
ng

To improve the overall throughput of the WLAN 10, it is
desirable to reduce the interference components as much as
possible for as many stations as possible, preferably without
attenuating the intended components. To this end, in other
embodiments, the DL SDMA controller 19 develops the
aggregate steering matrix W (that includes the individual
vectors W, W,, . .. W) so as to achieve a configuration
optimal for the overall group of K client stations 25, i.e., with
a reduction in the interference between the AP and each
station, based on simultaneous communications with the
other stations. In other embodiments, the DL. SDMA control-
ler 19 develops vectors W, individually (e.g., sequentially),
but still such that any interference from other stations is
reduced or canceled. It is noted that the reduction of interfer-
ence could be for all or fewer than all of the receiver stations.
For example, the DL. SDMA controller 19 may use channel
information to reduce interference for only the highest prior-
ity user, those users having priority above a certain threshold
level, or the users in their order of priority. That is, in some
embodiments, the amount of interference reduction will
depend upon how the interference reduction is executed. Fur-
ther still, the reduction in interference described herein is but
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an example of how the channel information may be used. The
DL SDMA controller 19 may use the channel information to
optimize any suitable metric. Even further still, while these
examples are discussed in reference to the DL SDMA con-
troller 19, it will be understood that these techniques may be
partially implemented at one or more of the client stations
25-i, i.e., in conjunction with the channel estimation control-
ler 40.

Referring to FIG. 2, an SDMA controller 50 illustrates
operation of the DL SDMA controller 19, according to an
embodiment, and operation of the DL, SDMA controller 19
and the channel estimation controller 40 according to another
embodiment. That is, the techniques herein described may be
implemented at the AP or partially at the AP and the client
device. Implemented in the AP 14, the SDMA controller 50
receives a plurality data streams DATA,, DATA,, . . . DATA
to be simultaneously transmitted to respective client stations.
Depending on the embodiment, the data streams DATA,,
DATA,, . . . DATA, include packets, frames, or other data
units. A set of K forward error correction (FEC) and modu-
lation units 54 processes the data streams DATA,,
DATA,, . .. DATA, to generate transmit symbol vectors X,
X,, . . . Xg. A spatial steering unit 64 then applies a respective
steering vector W, to each transmit symbol vector x,. In an
embodiment, an adder 66 combines the resulting product
vectors into an aggregate product vector.

In an embodiment, a steering vector controller 60 receives
channel descriptions from a channel estimation unit 62 to
develop steering vectors W,, W, . . . W that are supplied to
the spatial steering unit 64. According to an embodiment,
each channel description includes channel gain parameters
(which may be complex numbers) for various streams defined
by transmit and receive antennas. A channel description in
some embodiments is represented in a matrix format. In some
embodiments, the multiple station channel estimation unit 62
performs measurement of one or several parameters associ-
ated with the physical channel to develop channel state infor-
mation (CSI) or another metric used for determining steering
vectors W,, W,, . . . W. The AP 14 may obtain channel
descriptions of a downlink channel between the AP 14 and
each of the stations, 25-1 . . . 25-K, through obtaining a CSI
feedback determined at and provided from each of the sta-
tions, 25-i. For example, for explicit beamforming, the chan-
nel estimation block 62 is implemented on the client station
25-1, e.g., through the channel estimation controller 40, where
the channel estimation information is determined, for
example, in response to a sounding packet from the AP. In
some embodiments, the AP sends different sounding packets
to each of the client devices, e.g., in a multicast manner. In any
event, the client device 25-i transmits its determined channel
estimation information to the AP 14, where the steering vec-
tor controller 60 is contained. For CSI feedback, for example,
the AP 14 sounds a downlink channel, using one or more
spatial streams, L,, to each of the stations separately, from
which each client then estimates its own channel from the
received sounding packet and feeds back a quantized version
of the estimated channel. In some examples, for the channel
estimation unit 62 and steering vector controller 60 to develop
steering vectors W,, W, . .. W, in explicit beamforming, the
channel estimation unit 62 receives feedback signals from
each of the stations, so that the DL. SDMA controller 19 can
properly determine the appropriate steering vectors that mini-
mize or reduce interference at each station. Therefore, in a
CSI feedback implementation, the channel estimation unit 62
receives CSI feedback from all stations.

For implicit beamforming, the channel estimation unit 62
is implemented at the AP. In an embodiment, each station 25-/
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sends an uplink sounding packet to the AP 14, which sound-
ing packets are received at the channel estimation unit 62. The
channel estimation unit 62 performs the channel estimation in
response and communicates with the steering vector control-
ler 60 directly, where the controller 60 determines the steering
vectors for each client device for reduced interference. Thus,
in an example implicit beamforming embodiment, the chan-
nel estimation unit 62 at the AP 14 estimates the downlink
channel based on received uplink sounding packets from the
stations 25-1, and without a feedback signal

While CSI feedback does not involve the determination of
any steering matrix computation at the station end, the
amount of information fed back is generally quite large.
Therefore, while CSI feedback is more useful in beamform-
ing protocols like 802.11n, the throughput of CSI feedback
may be considered prohibitively high for MUMIMO proto-
cols, such as 802.11 ac, which can have 8 or more transmit
antennas and transmit to 4 or more receiver stations simulta-
neously.

Therefore, in some examples, the multiple station channel
estimation unit 62 develops steering vectors W, W,, ... W,
based on feedback information other than CSI feedback. In
general, the channel estimation unit 62 can implement any
suitable technique for developing channel descriptions,
including those currently known to those of ordinary skill in
the art. Described below, however, are additional alternative
feedback information types the channel estimation unit 62
receives, including steering matrix feedback, a null-space
feedback, and a hybrid feedback scheme.

Applying the techniques described herein, the steering vec-
tor controller 60 in an embodiment generates the steering
vectors W,, W,, . . . W, concurrently in view of multiple
channel descriptors H,, H,, . . . Hx to minimize (or, at least,
attempt to minimize) interference at each station, in particular
interference from communication with other stations. With
feedback information and channel estimation unit 62, the
steering vector controller 60 can implement any known tech-
niques to calculate the steering vectors, including a zero-
forcing (ZF) technique, a minimum mean square error
(MMSE) technique, a leakage suppression (LS) technique,
and a block nullification (BN) technique. In embodiments
where the AP is only communicating with a single station, the
controller 60 may use a single-user beamforming (SU-BF)
technique.

With continued reference to FIG. 2, the output of the adder
66 (e.g., an aggregate product vector P) is supplied to an
inverse discrete Fourier transform module (e.g., an inverse
fast Fourier transform (IFFT) module) 72, according to an
embodiment. The IFFT module 72 in turn is coupled to a
digital filtering and RF module 74. Once processed by the
IFFT module 72 and the digital filtering and RF module 74,
the data corresponding to the aggregate product vector is
transmitted via an antenna array. As indicated above, an effi-
cient set of steering vectors W,, W,, . . . W, results in a
transmission pattern such that the intended components of the
transmitted signals are transmitted to the corresponding
receiving stations simultaneously, while the interference
components at each station are minimized, e.g., reduced to
zero or nearly zero.

In some embodiments, feedback information sent from the
stations to the AP 14 is a feedback steering matrix, V,, sent
either in a compressed or uncompressed form. After receiving
a sounding packet on a downlink channel from the AP 14, the
station computes the full channel estimate, e.g., through
known techniques, from which each station computes the
beamforming steering matrix, V,, for example at the channel
estimation controller 40. Unlike 802.11n, however, in
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MUMIMO protocols, like 802.11 ac, the AP 14 cannot
directly apply the feedback steering matrix V,, as the steering
matrix for a particular station K, because of the need for the
AP to simultaneously communicate with other stations.
Therefore, as illustrated in the example of FIG. 3, after receiv-
ing the steering matrix feedback from all K stations, the AP 14
will compute the steering matrices to be used for each station,
to avoid or mitigate multi-station, also termed “multi-user,”
interference at each of the stations.

FIG. 3 illustrates an example method 100 for developing
steering vectors for simultaneous transmission of data to two
or more stations. The DL SDMA controller 19 or the SDMA
controller 50, for example, are configured to implement at
least partially the method 100, according to some embodi-
ments, where some of the functionality may be implemented
by the channel estimation controller 40 on the client device
25-i. In the method 100, each of the stations, 25-1 . . . 25-K,
determine their respective feedback steering matrix, V, . . .
Vg, and feedback their matrix to the AP 14, and more spe-
cifically to the channel estimation unit 62, for determining
steering vectors W,, W, . . . W,. Because, in this embodi-
ment, the stations feedback matrices that span the entire
downlink channel space, this technique is termed “range
feedback” herein.

At a block 102, the AP 14 transmits sounding packets on
different spatial streams to multiple different stations. Two
examples are discussed, one in which the AP 14 sends sound-
ing packets to two stations, K=2, i.e., 25-1 and 25-2, and
another in which the AP sends sounding packets to three
stations, K=3, i.e., 25-1, 25-2, and 25-3. In other examples,
the AP 14 transmits sounding packets to any number of users,
K=3, 4, etc.

In some embodiments, at a block 104, as may be imple-
mented by the channel estimation controller 40, each of the
stations 25-1 and 25-2 decomposes the received sounding
packet, for example, using a singular value decomposition
(SVD) on the received downlink channel. In other examples,
other techniques for handling the received sounding packet
may be used in place of SVD. Station 25-1 determines its
feedback steering matrix V; while station 25-3 determines its
feedback steering matrix, V,. In some embodiments, the feed-
back steering matrices, V., may be determined from all of the
spatial streams, L,, used to send the sounding packet on the
downstream link. In other embodiments, each station uses a
subset of the spatial streams, L,, to determine its correspond-
ing feedback steering matrix.

The method 100 may operate in a compressed or uncom-
pressed configuration. In an uncompressed configuration, the
feedback steering matrices are sent to the AP 14 without
compression; while in a compressed configuration, the matri-
ces are sent to the AP 14 in the form of angles representing
compressed versions of the feedback steering matrices. In
either case, at the block 104, each of the stations, 25-1 and
25-2 in the 2 station example, sends their determined feed-
back steering matrix, V,, to the AP 14, which obtains descrip-
tions of the downlink channels from each of the stations at a
block 106 that is, in some embodiments, at least partially
execute by the channel estimation unit 62.

At a block 108, as may be implemented by the steering
vector controller 60, the AP 14 determines steering vectors,
W,, W,, ... W, based on the received feedback steering
matrices, Vg, from each of the stations. In an example imple-
mentation in which 2 stations, 25-1 and 25-2, provide feed-
back steering matrices, V, and V,,, respectively, the block 108
may determine the steering matrices as follows. A computer
channel matrix, H, for each of the stations is related to the
feedback steering matrix, Vg, as follows:

H,=U,D,V7, and H,=U,D, VT,
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The received signal at station 25-1 is y, and at station 25-2
18 y,, expressed as follows:

Y =H (W2 Waxo)+n =U D VT (W x4 WX )+1y (Eq. 4)

Yo =H (W 3+ W) 415 =Us D VS (W 3 4 5% )+10, (Eq. 5)

To completely avoid interference at both the users, the AP
14 determines steering matrices that simultaneously satisty
the following conditions:

VI, W,=0 VLW ,=0

That is, the AP 14 selects the columns that lie in the null space
of'V, and V, and thereby null the interference at each of the
users. Forexample, W, will lie in the null space of V, and vice
versa.

In another example implementation in which 3 stations,
25-1, 25-2, and 25-3, provide feedback back steering matri-
ces, V,,V,,and V; respectively, the block 108 may determine
the steering matrices using the following expressions:

Hy=U\D\V\ Hy = Uy D2V and Hs = Us D3 V'3 (Eq. 6)

3
v = U;D;VTi[Z kak] +ny

k=1

The AP 14 can thus determine the three steering matrices that
simultaneously satisfy the following conditions:

VTI [W,W5]=0 VTz [W,W,]=0 VTz [W,W,]=0

The optimization metric applied at block 108 is interfer-
ence nulling at each of the stations. The AP 14, however, may
use any suitable optimization in response to the multiple
received feedback steering matrices. In some examples, the
AP 14 can use a more complicated decision metric, such as
choosing steering vectors to maximize the sum capacity or
minimize the average mean square error (MSE) at each
receiver, etc. Other decision metrics including zero-forcing,
and leakage suppression. The steering vector controller 60 at
least partially executes the block 108, in some embodiments.

At the block 108, the steering vectors for each of the
stations W,, W,, ... W -are concurrently generated in view of
the multiple channel descriptions obtained at the block 106.
In an example scenario, three steering vectors for use with
three receiving stations are concurrently generated in view of
the three channel descriptions corresponding to the three
channels via which data is simultaneously transmitted to the
stations.

In the method 100, each station feeds back to the AP 14 the
full set of vectors for the corresponding steering matrix, a
ranging feedback. In other embodiments, instead of feeding
back the entire steering matrix, the station will feed back a set
of'vectors, i.e., null-steering vectors, spanning the null space
of'the corresponding feedback steering matrix, V., in particu-
lar, a null space feedback signal formed of a set of the vectors
in the steering matrix, V. An example method 300 is illus-
trated in FIG. 4.

FIG. 4 is a flow diagram of an example method 200 that an
AP implements to generate a pair of transmit steering vectors
for simultaneous transmission of data to a corresponding pair
of stations, according to an embodiment. The method 200
yields steering vectors that form an aggregate steering vector
similar to a block-nullified aggregate steering vector, for
example. The DL SDMA controller 19 or the SDMA control-
ler 50, for example, is configured to implement the method
200, according to some embodiments.
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At block 202, an indication (e.g., mathematical descrip-
tion) of a first null-steering vector for a communication chan-
nel between the AP and the first station is received. The first
null-steering vector corresponds to a null-space projection of
the first communication channel. In other words, for a com-
munication channel described by H, the first null-steering
vector is a vector that the AP 14 can apply to completely or
nearly completely attenuate a signal a station will receive via
the communication channel described by H,. The AP 14 thus
can use the null-space steering vector for a first station to
avoid having that first station interfere with communications
to a second station. At block 204, an indication of a second
null-steering vector for a communication channel between
the AP and the second station is received. Similar to the first
null-steering vector, the second null-steering vector is a vec-
tor that the AP can apply to completely or nearly completely
attenuate a signal a station will receive via the communication
channel described by H,. Both blocks 202 and 204 are illus-
trated separately but may be implemented simultaneously
and at least partially using the channel estimation unit 62.

At blocks 206 and 208, steering vectors for use in simul-
taneous downlink transmissions to the first station and the
second station are generated using the first null-steering vec-
tor and the second null-steering vector. In particular, the steer-
ing vector W, for use with the first station and the channel
described by H; is assigned the value of the second null-
steering vector, and the steering vector W, for use with the
second station and the channel described by H, is assigned the
value of the first null-steering vector. In this manner, a pair of
transmit steering vectors W, and W, is developed for simul-
taneous transmission of data to the first and second stations,
without interference from the other station.

The station can use any of numerous techniques to deter-
mine the null-steering vector fed back to the AP 14. In an
embodiment, each station numerically determines the null
space by computing the SVD of the channel matrix, SVD(H,),
and then selects the eigenvectors with eigen-values smaller
than a implementation dependent threshold. The set of col-
lected vectors form the basis for the null space of the channel
matrix. In other examples, such as with implicit beamform-
ing, this same process can be performed at the AP, in response
to CSI feedback from each of the clients.

Another approach to determine the null space is to do a
linear projection. For example, assuming V is a column-wise
orthonormal matrix (e.g., the singular vectors of the channel
matrix), then V,,,~Null(V)=a(I-VV*)W, where a is a nor-
malization factor, W could be any matrix (e.g. a column-wise
orthonormal matrix) with a number of columns equal to the
dimension of the null space of V, and I is the identity matrix.

FIGS. 3 and 4 illustrate examples of a station determining
a feedback steering matrix and a feedback null-steering vec-
tor, respectively. In other embodiments, the station may deter-
mine both. For both the range feedback and null space feed-
back schemes, the amount of feedback depends on the
number of transmit antennas at the AP and the number of
receive antennas at the client. FIG. 5 illustrates another feed-
back method 300, which is a hybrid feedback scheme. After
the AP transmits the sounding packets at a block 302, at a
block 304, each station computes the amount of feedback in
the feedback schemes discussed earlier. That is, at the block
304, each station determines a full feedback steering matrix,
Vg, and a null-steering vector. At a block 306, the station
determines which of the two feedback signals result in the
least amount of size on the feedback signal, and at a block
308, the station feeds back the corresponding feedback signal
to the AP 14, where the type of feedback sent by the client to
the AP may be indicated in the category field of a manage-
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ment action frame, in some embodiments. Depending on the
type of fed back signal, either method 100 or 200 may be
implemented to determine the steering vectors at a block 310,
executed by the AP.

In other embodiments, the AP can request that the stations
provide a specific type of feedback, based on the AP’s own
estimate of the feedback amounts that would likely be needed
for each feedback type.

The type of feedback from the station, i.e., CSI, noncom-
pressed beamforming, compressed beamforming, or null-
space vector, can be identified as a steering subfield field of a
3 bit high-throughput (HT) control filed or a very high
throughput (VHT) control field in a MAC header of the feed-
back frame.

In all the previously introduced feedback methods 100,
200, and 300, (e.g., feedback steering matrix, null-steering
vectors, or hybrid thereof), each station may optionally (or
mandatorily) attach a number of spatial streams (Nss) sub-
field in the feedback frame, where the value Nss identifies the
number of spatial streams that the AP should use in commu-
nicating with the particular station. The AP may use the
identified number of spatial streams or few spatial streams,
depending on conditions determined at the AP, including the
feedback channel descriptions from each of the stations as
well as interference avoidance determinations made at the AP.
Each station determines its own suitable number of spatial
streams (Nss).

In some examples when the station sends a feedback steer-
ing matrix, the number of streams, Nss, is equal to or less than
the number of columns (Nc) of the singular vector feedback
matrix. In some examples of a null-steering vector feedback,
the number of spatial streams Nss is equal to or less than
(Nrx-Nnull), where Nnull is the number of columns in the
feedback and Nrx is the number of antenna at the station. For
example, for a station having three antenna, such as 25-1, the
station may choose to suggest 2 streams, Nss=2, for itself in
the multiple station packet, so the extra receive antenna may
be used for interference mitigation.

In some embodiments, the station also optionally (or man-
datory) attaches to the feedback signal substream signal-to-
noise ratios (SNRs) averaged over the received downlink
channels, i.e., tones. The number of SNRs used to determine
a linear average, for example, may be equal to or less than Nc
or (Nrx-Nnull). In this way, for the null-steering vector feed-
back, the number of SNRs transmitted back to the AP, then
implies the number of streams (Nss) preferred by the trans-
mitting station.

In some embodiments, the indicated number of spatial
streams, Nss, can be extended by having multiple user (i.e.,
multiple station) feedback, as in 802.11ac, and single user
(i.e., single station) feedback share the same feedback steer-
ing matrix, V, format. For example, a station may always
feedback a V matrix, with the maximum possible channel
rank (or maximum number of singular vectors).

In some embodiments, in place of providing an Nss field,
each station may include within the feedback frame, a desired
number space-time streams, Nsts. For example, the station
may provide a Nsts field for single user communication,
discussed below, and/or multiple user communication, dis-
cussed above. Space-time streams refer to streams of modu-
lation symbols created by applying a combination of spatial
and temporal processing to one or more spatial streams of
modulation symbols. The feedback frame includes subfields
for both, indicating the preferred Nsts or num of columns inV
if the feedback steering matrices V are used for single user
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beamforming and the preferred Nists or num of columns in V
if the feedback steering matrices V are used for multiple user
precoding.

The example method 200 of FIG. 3 describes a null-space
vector feedback that is used by the AP to determine steering
vectors, W,, W,, .. . W, for simultaneously multiple station
beamforming. In some examples, however, the AP uses the
null-space vector(s) for single station beamforming, e.g.,
when there is no simultaneous communication with other
stations. In such examples, the AP uses the null-space feed-
back, Null(V), to compute a steering matrix V' and steer to the
particular station using that matrix. The AP may use numer-
ous different approaches to determine V'. In some examples,
the AP directly converts received null-steering vectors to
range vectors. If V,,,,,~Null(V) is the fed back vector—the
vectors are to be column-wise orthonormal—then the AP
determines ranging vectors, V', according to the following:

V'=a(=VpurtV utt W, (Eqa. 7)

where a is a normalization factor, and W can be any matrix
(e.g. column-orthonormal matrix) with number of columns
equal to the desirable number of streams in the steered trans-
mission, and [ is the identity matrix. Once determined, the AP
uses V' as the single user steering matrix, W..

The null-space conversion may be implemented at either
the station or the AP. For example, the station may convert a
received range vector into a null-steering vector, which is fed
back to the AP. The AP receiving the null-steering vectors
converts them to range vectors. In other embodiments, for
example, when the AP receives feedback steering vectors, V,
the AP creates the null-steering vectors. That is, for Eq. 7, if
V.. 1s a ranging steering vector, instead of null-steering
vector, then V' in the expression becomes the null-steering
vector of the ranging vector V, ..

FIG. 6 illustrates a method 400 providing another tech-
nique for null-space conversion, from null-steering vectors to
ranging steering vector, to produce steering vectors for single
station communication between the AP and one of the sta-
tions. While numerous conversion techniques may be used,
the method 400 applies a Householder transform, which is at
least partially implemented by the DI, SDMA controller 19.
The illustrated example is described in the context of single
station communication; however, in other embodiments the
techniques can be used for simultaneous communication with
different stations and with reduced potential interference for
each communication channel.

Atablock 402, the AP sends downlink channel signals to a
station using a channel matrix, H. In the illustrated example,
the channel matrix is a 3x4 matrix, having 3 spatial streams.
At a block 404, after receiving the downlink channel signal,
the station decomposes its own channel matrix to obtain its
own steering matrix, V. Atablock 406, the station extracts the
null-steering vector V,,,;;, which in the discussed example is
the last column ofthe V matrix 4x1. Ata block 408, the station
compresses the null-steering vector V, ,; and feeds it back to
the AP. At a block 410, the AP decompresses the feedback
null-steering vector, V,,,,;; (4x1), from the station and applies
a householder matrix conversion to convert the null-space
signal to range-space vectors, V, which in this example rep-
resent the first 3 columns of the steering matrix, V, i.e., \A7(4><
3). For downlink communications, the AP uses the determine
ranging vectors, V, as the steering vectors. The null-steering
vector, V,,,,;;, is not needed for single station communications.

The following describes some example techniques for
determining a Householder matrix as may be applied by the
block 410, in determining determine Virom V,,,, such that
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the product of V'and V,...equals 0, 1.e., g ‘V,...~0, where Y
is the conjugate transpose of V.

Before discussing some general techniques for null-steer-
ing vector conversion, the method 400 is discussed for deter-
mining a 4x3 V matrix from null-steering vector, 4x1,V, ;.
The AP receives the null-steering vector, V,,, ;,, and sets it to
a vector, Xx=V,,,,, such that a transformation vector, v, can be

defined as follows:

v=x+sign(x(1))*norm(x)*e; (Eq. 8)

where e, is a vector [1 0. .. 0]. Next the vector, v, is normal-
ized according to:

v=v/norm(v) (Eq. 9)

From the normalized vector, v, the AP determines a House-
holder reflector matrix, HR, according to:

HR=I;~2w' (Eq. 10)

where I is an identity matrix and MT is the number of transmit
antennas for the AP. The vector product HR'-x has all zero
entries except the first, i.e., for a 4x3 matrix the 2" through
last columns of the householder reflect matrix HR are
orthogonal to vector x. With orthogonality, the steering
matrix, V, that the AP will apply for communicating with the
corresponding station is determined as follows:

P=HR(:,2:end), (Eq. 11)

where the steering matrix V is a 4x3 matrix.

More generally, the block 410 may implement the follow-
ing processes to determine the steering matrix, V, from a
null-steering vector,

V,..a» for any arbitrary mxn matrix.

A vector A is setequal to the received V, ,, A=V, ., where
[m,n]=size(A). An identity vector, Q, of m length is then
determined, for example, applying Q=eye(m). For single sta-
tion communication, the following expression is used to
determine the minimum value for all but the last, m, column,

i.e., for k=1:min(m-1,n). A vector a, is defined as follows:

a=A(k:end k). (Eq.12)

This vector is zeroed out to determine a v, according to the
following:

vi=a+sign(a;(1))-norm(ay)-[1;zeros(m—-k,1)]. (Eq. 13)

A Householder reflector matrix is then defined from v, as
follows:

HR,=eye(m—k+1)-2v,v,/(v,rv,). (Eq. 14)

From this Householder reflector matrix a matrix is deter-
mined as follows:

O=[eye(k-1)zeros(k-1,m-k+1);zeros(m—k+1,k-1)
HR,); (Eq. 15)
The vector A is then updated by A=Q,A as is Q by Q=Q*Q,,
The steering matrix, V is then set as follows:

P=0(:,n+1:end) (Eq. 16)

The AP confirms that V' ‘V,...7~0, so that all the columns of v
are orthogonal to Vv, ;,.

FIGS. 7-10 illustrate geometrically the Houscholder trans-
form of null-steering vectors for an arbitrary vector. A matrix
P is a projector provided by P?=P, where if P is also Hermi-
tian, then P is an orthogonal projector. As shown in FIG. 7, a
vector x can be projected into the direction of span{v} and
into the direction of span{v}_null, by using P, where both
vectors are orthogonal to each other as shown. Generally, P
satisfies the following conditions
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w* (Eq. 17)

The Householder reflector, HR(v), is a unitary matrix to
reflect x over the n-1 dimensional subspace span{v}_null, as
shown in FIG. 8. HR(v) can be determined, as follows from
the above, from the following:

(Eq. 18)

HR(x = x—2Px= (I = 2P)x = (1 N ]x
vy

The valuePxisa midpoint of x and the Household reflector
of x, HR(v)x. HR(v)x is a multiplication of a matrix and a
vector. Therefore, in order to get the null-space vector of x,
the reflector HR(v) should map (project) x to the direction of
e;=[1,0,...,0]. All the vectors of FIG. 8, are rotated in FIG.
9. That is, as shown in FIG. 9, the columns from 2% to the end
of HR(v) will be orthogonal to x, i.e., will be in the null-space
of'x, thus rending the expression:

[1xl (Bq. 19)

HR(v)x =

The suitable v to project HR(v)x into a base direction is

v=x-|xhe; (Eq. 20)

Correspondingly, the midpoint of x and HR(v)x is in the
hyperplan of span{v}_null, as shown in FIG. 10. The vector
v is normalized and is used to derive HR(v)=I-2vVv'. In this
example, HR(v)x is mapped into e,. However, in other
examples, HR(v)x could be mapped into —e,, then, the sign
will be changed as follows:

v=x+|x{]e; (Eq. 21)

As aresult, v=x+sign(x(1))-norm(x)-e,, where sign(x)=x/abs
(x), where FIG. 10 illustrates the resulting projections of v.

The Householder reflector is used for QR decomposition.
For example,

A=0RSP 0*4=R

Q can be decomposed into a series of Q,

070n-1 .- Q1A=R,

where

I 0
& ‘(o H(m]’

where I is a (k-1) by (k-1) identity matrix, and HR(v,) is
(n-k+1) dimensional Householder reflector. Example result-
ing expressions are as follows:
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The number of floating point operation required for QR
decomposition is

d , (Eq. 22)
24(m—k+1)(n—k+1)z2mn -5
k=1

where n, m is the size of dimension of A matrix, i.e., AGC™".
However, to achieve the null-space vectors for a single vector,
a single Householder transform is enough, i.e., n=1 is suffi-
cient, thereby greatly reducing the QR decomposition calcu-
lation.

At least some of the various blocks, operations, and tech-
niques described above may be implemented utilizing hard-
ware, a processor executing firmware instructions, a proces-
sor executing software instructions, or any combination
thereof. When implemented utilizing a processor executing
software or firmware instructions, the software or firmware
instructions may be stored in any computer readable memory
such as on a magnetic disk, an optical disk, or other storage
medium, in a RAM or ROM or flash memory, processor, hard
disk drive, optical disk drive, tape drive, etc. Likewise, the
software or firmware instructions may be delivered to a user
or a system via any known or desired delivery method includ-
ing, for example, on a computer readable disk or other trans-
portable computer storage mechanism or via communication
media. Communication media typically embodies computer
readable instructions, data structures, program modules or
other data in a modulated data signal such as a carrier wave or
other transport mechanism. The term “modulated data signal”
means a signal that has one or more of'its characteristics set or
changed in such a manner as to encode information in the
signal. By way of example, and not limitation, communica-
tion media includes wired media such as a wired network or
direct-wired connection, and wireless media such as acoustic,
radio frequency, infrared and other wireless media. Thus, the
software or firmware instructions may be delivered to a user
or a system via a communication channel such as a telephone
line, a DSL line, a cable television line, a fiber optics line, a
wireless communication channel, the Internet, etc. (which are
viewed as being the same as or interchangeable with provid-
ing such software via a transportable storage medium). The
software or firmware instructions may include machine read-
able instructions that, when executed by the processor, cause
the processor to perform various acts.

When implemented in hardware, the hardware may com-
prise one or more of discrete components, an integrated cir-
cuit, an application-specific integrated circuit (ASIC), etc.

While the present invention has been described with refer-
ence to specific examples, which are intended to be illustra-
tive only and not to be limiting of the invention, changes,
additions and/or deletions may be made to the disclosed
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embodiments without departing from the scope of the inven-
tion. For example, one or more operations in methods dis-
cussed above may be performed in a different order (or con-
currently) and still achieve desirable results.
What is claimed is:
1. A method in a communication network, the method
comprising:
obtaining descriptions of a plurality of communication
channels each communication channel associated with a
different one of a plurality of receivers, wherein obtain-
ing the description of the plurality of communication
channels comprises receiving null-steering vectors from
each of the plurality of receivers, wherein each null-
steering vector defines a null-space projection of a cor-
responding one of the communication channels; and

generating a plurality of steering vectors, one for each of
the plurality of receivers, using the descriptions of the
plurality of communication channels;

wherein each steering vector is used to transmit data to a

corresponding one of the plurality receivers via a plural-
ity of antennas and over a corresponding one of the
communication channels simultaneously, wherein each
steering vector is used to communicate data on a differ-
ent one of the plurality of communication channels, and
wherein each steering vector is generated to reduce
interference on a corresponding communication chan-
nel caused by simultaneous transmission of data on
other communication channels.

2. The method of claim 1, wherein generating the plurality
of steering vectors comprises concurrently generating the
plurality of steering vectors so as to attempt to minimize
interference at each communication channel caused by the
simultaneous transmission of data on the other communica-
tion channels.

3. The method of claim 2, wherein:

each steering vector corresponds to a different spatial

stream; and

generating the plurality of steering vectors further com-

prises generating the plurality of steering vectors so as to
minimize interference on each spatial stream caused by
communication on each other spatial stream.

4. The method of claim 1, wherein obtaining the descrip-
tion of the plurality of communication channels comprises
receiving feedback steering matrices from each of the plural-
ity of receivers, where each feedback steering matrix is deter-
mined from a sounding packet received at each station.

5. The method of claim 1, wherein each null-steering vec-
tor is determined at each station by 1) taking a singular value
decomposition of a channel matrix for a received sounding
packet, and ii) determining resulting vectors with eigen-val-
ues below a threshold.

6. The method of claim 1, wherein each null-steering vec-
tor is determined at each station by performing a linear pro-
jection of a feedback steering matrix onto a null-space.

7. The method of claim 1, further comprising:

decompressing the received null-steering vectors from

each of the receivers; and

applying a Householder transformation to each of the

decompressed null-steering vectors to produce steering
vectors for communicating on communication channels
with each of the receivers.

8. The method of claim 1, further comprising each receiver,
in response to receiving a sounding packet, determining a
feedback steering matrix and determining a null-steering vec-
tor.

9. The method of claim 8, further comprising each receiver
1) determining which of the feedback steering matrix and the
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null-steering vector has a lower throughput, and ii) transmit-
ting the identified feedback steering matrix or null-steering
vector as a corresponding one of the descriptions of the com-
munication channels.

10. The method of claim 1, wherein obtaining the descrip-
tion of the plurality of communication channels comprises:

receiving an indicated number of spatial streams from each
of the receivers; and

identifying a desired number of spatial streams to be used
in communicating with the receiver.

11. The method of claim 1, wherein obtaining the descrip-
tion of the plurality of communication channels comprises
receiving channel estimation information from each of the
plurality of receivers.

12. An apparatus comprising:

a steering vector controller configured to receive from a
plurality of receivers descriptions of a plurality of com-
munication channels, each communication channel
associated with a different one of the plurality of receiv-
ers and to generate a plurality of steering vectors, one for
each of the plurality of receivers, wherein the steering
vector controller is to generate the steering vectors from
null-steering vectors obtained from each of the plurality
of receivers, wherein each null-steering vector defines a
null-space projection of a corresponding one of the com-
munication channels,

wherein each steering vector is used to transmit data to a
corresponding one of the plurality receivers via a plural-
ity of antennas and over a corresponding one of the
communication channels simultaneously,

wherein each steering vector is used for communicating
data on a different one of the plurality of communication
channels, and

wherein each steering vector is generated to reduce inter-
ference on a corresponding communication channel
caused by simultaneous transmission of data on other
communication channels.

13. The apparatus of claim 12, further comprising a spatial

mapping unit configured to:

apply each of the steering vectors to a symbol vector to
generate a plurality of product vectors, wherein the each
symbol vector corresponds to a mapping of data to a
different plurality of spatial streams, and

combine at least some of the plurality of product vectors to
generate a combined vector to be transmitted via the
plurality of antennas.

14. The apparatus of claim 12, wherein the steering vector
controller is to concurrently generate the steering vectors so
asto attempt to minimize interference at each communication
channel caused by the simultaneous transmission of data on
the other communication channels.

15. The apparatus of claim 12, wherein:

each steering vector corresponds to a different spatial
stream; and

the steering vector controller is to generate the steering
vectors so as to minimize interference on each spatial
stream caused by communication on each other spatial
stream.

16. The apparatus of claim 12, wherein the steering vector
controller is to generate the steering vectors from feedback
steering matrices obtained from each of the plurality of
receivers, where each feedback steering matrix is determined
from a sounding packet received at each station.

17. The apparatus of claim 12, wherein the steering vector
controller is to generate one of the steering vectors by decom-
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pressing and applying a Householder transformation to one of
the received null-steering vectors to produce the one steering
vector.
18. The apparatus of claim 12, wherein the steering vector
controller is to generate the steering vectors from channel
estimation information obtained from each of the plurality of
receivers.
19. A system comprising:
a transmitter including
a plurality of antennas, and
a steering vector controller,

wherein the system further comprises a plurality of receiv-
ers, wherein the transmitter and each of the plurality of
receivers are associated with a corresponding commu-
nication channel to define a plurality of communication
channels, and

wherein the steering vector controller is configured to gen-

erate a plurality of steering vectors based on feedback
null-steering matrices received from each of the plural-
ity of receivers, wherein the plurality of steering vectors
are used to simultaneously transmit a plurality of data
units to the plurality of receivers via the plurality of
antennas over the plurality of communication channels.
20. The system of claim 19, wherein each of the plurality of
communication channels is associated with a respective plu-
rality of spatial streams.
21. A system comprising:
a transmitter including
a plurality of antennas, and
a steering vector controller,

wherein the system further comprises a plurality of receiv-
ers, wherein the transmitter and each of the plurality of
receivers are associated with a corresponding commu-
nication channel to define a plurality of communication
channels, and

wherein the steering vector controller is configured to gen-

erate a plurality of steering vectors based on a feedback
null-steering vectors received from each of the plurality
of receivers, wherein the plurality of steering vectors are
used to simultaneously transmit a plurality of data units
to the plurality of receivers via the plurality of antennas
over the plurality of communication channels, wherein
each null-steering vector defines a null-space projection
of'a corresponding one of the communication channels.
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22. The system of claim 21, wherein each of the plurality of
communication channels is associated with a respective plu-
rality of spatial streams.

23. The system of claim 21, wherein the steering vector
controller is configured to concurrently generate the plurality
of' steering vectors so as to attempt to minimize interference at
each communication channel caused by the simultaneous
transmission of data on the other communication channels.

24. The system of claim 21, wherein:

each steering vector corresponds to a different spatial

stream; and

the steering vector controller is configured to generate the

plurality of steering vectors so as to minimize interfer-
ence on each spatial stream caused by communication
on each other spatial stream.

25. The system of claim 21, wherein the steering vector
controller is configured to generate one of the steering vectors
by decompressing and applying a Householder transforma-
tion to one of the received null-steering vectors to produce the
one steering vector.

26. The system of claim 21, wherein each of the plurality of
receivers is configured to determine a null-steering vector by
taking a singular value decomposition of a channel matrix for
a received sounding packet from the transmitter and deter-
mining resulting vectors with eigen-values below a threshold.

27. The system of claim 21, wherein each of the plurality of
receivers is configured to determine a null-steering vector by
performing a linear projection of a feedback steering matrix
onto a null-space.

28. The system of claim 21, wherein each of the plurality of
receivers is configured to 1) receive a sounding packet from
the transmitter, and ii) determine a feedback steering matrix
and a null-steering vector.

29. The system of claim 28, wherein each of the plurality of
receivers is further configured to i) determine which of the
feedback steering matrix and the null-steering vector has a
lower throughput, and ii) transmit the identified feedback
steering matrix or null-steering vector to the transmitter.

30. The system of claim 21, where each of the plurality of
receivers is configured to send a indicated number of spatial
streams to the transmitter and identifying a desired number of
spatial streams to be used in communicating with each
receiver.



